Purpose: To explore top-ranked plasma proteins related to neovascular age-related macular degeneration (AMD) and geographic atrophy (GA), and explore pathways related to neovascular AMD and GA.
Introduction
Age-related macular degeneration (AMD) is a progressive degenerative disease of the macula found in patients who are generally over 60 years of age. AMD accounts for 8.7% of blindness worldwide. 1 This devastating, potentially blinding disease is characterized by the deposition of extracellular drusen, 2, 3 which are found between the basal surface of the retinal pigment epithelium (RPE) and Bruch's membrane. AMD is distinguished by two advanced forms of the disease, neovascular AMD and geographic atrophy (GA). 2 Neovascular AMD and GA are characterized by choroidal neovascularization and atrophy of the RPE with overlying photoreceptor cell atrophy, respectively. 4 Targeted treatment with intravitreal injections of drugs that suppress vascular endothelial growth factor (VEGF) are used in the treatment of neovascular AMD. However, the response to treatment is unpredictable. There is currently no effective treatment for GA. 5 The public health impact of AMD in the aging population is, therefore, important. There is currently a great need for the discovery of biomarkers related to the prediction, cause, diagnosis, progression, regression, and/or outcome of treatment of AMD. 6, 7 However, apart from the finding of AMD-related complement polymorphisms and several nongeneticrelated biomarkers, 7 discovering new biomarkers that will lead to a personalized form of care for patients with AMD has not been achieved.
We have used a novel aptamer-based proteomic technology to investigate the role of circulating plasma proteins in select eye 8 and noneye-related diseases. 9 In the pilot study described herein, we expand our research to investigate the role of circulating proteins in patients with neovascular AMD, GA, and age-matched cataract controls. The purpose of our research was to use this technology to (1) explore top-ranked proteins related to neovascular AMD and GA, and (2) explore pathways related to neovascular AMD and GA. To address these objectives, we conducted a pilot study of patients with the advanced forms of AMD and cataract controls who were recruited into an AMD registry at an academic center in Aurora, Colorado.
Methods
This pilot study was approved by the Colorado Multiple institutional review board. The research followed the tenets of the Declaration of Helsinki. We conducted the study using plasma samples from patients with AMD and cataract controls with no AMD recruited into an AMD registry developed by the Department of Ophthalmology at the University of Colorado School of Medicine. The purpose of the registry was to develop a state-of-the-art clinical database linked with image data and biological samples of patients with AMD and control patients with age-related cataract without AMD. Enrollment into the registry started in July 2014 and is ongoing. At the time of conducting this pilot study (July 2017), 456 AMD patients and 180 cataract controls with no AMD were enrolled in the registry. The methods for recruiting into this registry are explained in detail elsewhere. 10 We excluded patients who were terminally ill. Ocular exclusion criteria for cases and controls were as follows: panretinal photocoagulation or anti-VEGF injections for diabetic retinopathy, branch and central retinal vein occlusion, any active ocular inflammatory disease, or a severe decrease in visual acuity secondary to a preexisting severe retinal disease other than AMD. We also excluded controls with dense cataract that precluded optical imaging of the retina.
In brief, AMD patients attending the retina clinics at the Sue Anschutz-Rodgers University of Colorado Health Eye Center were referred by a health care provider to our research team for explanation of the purpose of the registry and to obtain consent. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the study. Each patient was consented for (1) review of the medical history, (2) collection of an ethylenediaminetetraacetic acid (EDTA) plasma sample, and (3) review of image data to include color fundus photography, fundus autofluorescence (FAF), optical coherence tomography (OCT), near infrared reflectance (NIR), and fluorescein angiography, if clinically indicated. The images were reviewed by two authors (MTM and FSS) with discrepancies resolved by a third (NM).
Cases and Controls
For this pilot study, we interrogated the plasma proteome of samples collected from the first 10 patients with bilateral neovascular AMD and bilateral GA recruited into the registry. We age-matched the cases of advanced AMD to 10 cataract controls without AMD.
2 Neovascular AMD was defined as the presence of choroidal neovascularization based on OCT. GA was defined as circumscribed areas of atrophy, which reflect cell death in the RPE, outer retina, and choriocapillaris in patients with AMD, but no other retinal disease. The diagnosis of neovascular AMD and GA was confirmed using multimodal imaging (FAF, NIR, and OCT).
Collection and Processing of the Plasma Sample
Following phlebotomy, the EDTA tube was spun at 3000 revolutions per minute in a cooled centrifuge (48C) for 10 minutes to isolate plasma. The plasma was transferred into another tube for a similar second spin. This second supernatant was aliquoted into cryovials of 250 to 500 lL each depending on the sample volume available. All samples were stored at À808C. Proteomic analysis was conducted on an aliquot using the SOMAscan assay at the laboratories of SomaLogic, Inc. (Boulder, CO).
SomaLogic Proteomic Technology and Analysis
The SOMAscan proteomic assay is described in detail elsewhere. 9, 11, 12 In brief, a plasma sample in each well of a 96-well plate was incubated with a mixture of the 4001 SOMAmer reagents. Two sequential beadbased immobilization and washing steps, coupled with kinetic challenge with polyanionic competitors, eliminated unbound or nonspecifically bound proteins and the unbound SOMAmer reagents, leaving only protein target-bound SOMAmer reagents. These remaining SOMAmer reagents were isolated, and each reagent was quantified simultaneously on a custom Agilent (Santa Clara, CA) hybridization array. The amount of each SOMAmer measured was quantitatively proportional to the protein concentration in the original sample as described elsewhere. 9, 11, 12 For the current version of the SOMAscan assay, the coefficients of variation (CV) for all analytes, including intra-and interassay variation, were measured in plasma using triplicate technical replicates for three different clinical samples across 15 independent runs. The median CV for all analyte measurements in plasma is 5.0% and 90% of analytes have CVs less than 12.0%, obtained by averaging CV results over the three clinical samples. In an independent study, the SOMAscan assay with plasma samples has recently demonstrated a high degree of stability and reproducibility. 13 
Statistical Analysis
Relative concentrations for each of 4001 proteins were log (base 2) transformed and compared between cases of neovascular AMD versus controls and between cases of GA versus controls using linear regression. We focused on the top-ranked proteins defined as those with a P value less than 0.001, corresponding to a conservative Bonferroni adjustment for multiple comparisons, 14 yet still providing some consideration of type II errors given this is a small pilot study (see online Supplementary File S1).
Pathway analysis was conducted using pathways downloaded from Reactome 15, 16 and a functional class scoring approach, appropriate for platforms where proteins are selected a priori, 17 using the P values as the protein-level statistics for the 4001 proteins that were measured. 18 This functional class scoring approach differs from an enrichment analysis in that it does not specifically test whether the pathways are enriched with a larger than expected number of significant proteins and therefore also does not require a cut-off to be applied to each protein. The underlying inference from the functional class scoring approach is testing whether the pathway contains at least one measured protein that significantly differed between groups or whether a subset of proteins in the pathway have coordinated differences. Pathways were ranked based on the unadjusted P values calculated using a permutation approach that appropriately accounts for the correlation between proteins, permuting group labels using 1000 permutations. 19 
Results
We show in Table 1 the characteristics of the patients with neovascular AMD, GA, and cataract controls. There was no difference in any of the variables across the three groups. None of the patients had a history of ocular trauma or stroke. All 10 neovascular AMD patients had treatment in both eyes, one ranibizumab, six bevacizumab, and three aflibercept. All patients in the neovascular AMD group received their research blood draw before their anti-VEGF injection.
In Figure 1 , we compare differences in group means between cases of neovascular AMD compared with cataract controls (where a difference of 1 on log [base 2] scale corresponds to a fold change of 2). Using the unadjusted P value less than 0.001 as a cutoff for identifying proteins in this pilot study, vinculin was higher in patients with neovascular AMD compared with controls. Another protein, CD177 (also known as CD177 antigen), was lower in cases of neovascular AMD compared with controls based on our cutoff criteria. In Figure 2 , we show differences in the mean levels of top-ranked proteins in cases of GA compared with cataract controls. We found only one protein, neuroregulin 4 (NRG4), higher in cases of GA compared with controls. We found one protein, soluble intercellular adhesion molecule-1 (sICAM-1), to be lower in patients with GA compared with controls. We also examined the relationship between cases with neovascular AMD compared with cases with GA. Only one protein NRG4 (higher in GA compared with neovascular AMD) was identified based on our cutoff (estimate À0.28, standard error ¼ 0.06, P , 0.001). Two supplemental tables of all proteins examined are appended (Supplementary File S2 and Supplementary File S3). In Figure 3 (box plots) we show the relative levels of the four top ranked proteins in patients with GA, neovascular AMD, and controls. We display (1) a difference in relative levels of NRG4 and sICAM-1 between GA cases and the control and neovascular groups, and (2) a gradient across the groups for vinculin and CD177. For the four analyte measurements reported here, the CVs for technical replicates are 6.2% for CD177, 3.8% for NRG4, 5.2% for sICAM-1, and 3.0% for vinculin.
The pathway analyses detect coordinated changes in levels of proteins in the same pathway and are useful to provide mechanistic insights by evaluating the combined association of groups of proteins that function in the same pathway. The top 15 pathways from the pathway analyses for neovascular AMD and GA are shown in Tables 2 and 3 , respectively. For neovascular AMD, (Table 2 ) cargo trafficking to the periciliary membrane, fibroblast growth factor receptor (FGFR) 3b ligand binding and activation, and VEGF-related pathways were in the top-ranked pathways. As demonstrated, in Table 3 , the topranked pathways for GA included several related to ErbB4 signaling. More details on the pathways are found in Supplementary File S4 and Supplementary File S5. 
Discussion
We used an aptamer-based proteomic technology to measure 4001 proteins across many protein pathways to determine the top-ranked proteins in cases of neovascular AMD and GA compared with cataract controls. There are two key findings from this exploratory pilot study. First, the top-ranked proteins associated with advanced AMD were vinculin (neovascular AMD), CD177 (neovascular AMD), NRG4 (GA), and sICAM-1 (GA). Second, the topranked pathways in neovascular AMD and GA were different. For neovascular AMD we found cargo trafficking to the periciliary membrane, FGFR3b ligand binding and activation, and VEGF related pathways were important. ErbB signaling distinguished pathways related to GA.
Vinculin was elevated in patients with neovascular AMD compared with controls. Vinculin, originally described in 1979, has a key role in cell-matrix and cell-cell adhesion to the actin-based cytoskeleton. 20 This adapter protein is also distinguished as a regulator of apoptosis and of other biological functions, such as cell growth, migration, differentiation, and survival. Vinculin also has an important role in embryogenesis and in cardiac function (reviewed in Ref. 21 ). In agreement with the results of our study, Kim et al. 22 also described a role for vinculin as a potential plasma marker for neovascular AMD. Using mass spectrometry, these investigators examined plasma proteomes from 20 neovascular AMD patients and 20 healthy controls. The area under the curve for vinculin was 0.87 for discriminating between AMD cases and controls. They also found that vinculin was elevated in expression in RPE cells of cadaver human cells when these cells were exposed to oxidative stress. The authors suggest that dysfunction in levels of vinculin may reflect RPE damage or degeneration. CD177, a neutrophil cell surface receptor was lower in cases of neovascular AMD compared with controls. This protein has been identified as a target antigen in immune-mediated disorders and plays an important role in neutrophil viability. 23 CD177 is associated with immune-mediated neutropenia of the newborn, 24 Granulomatosis with Polyangiitis, 25 (formerly Wegener's) and is upregulated during bacterial infections. 26 It has been shown to play a role in neutrophil-endothelial cell interactions, and inflam- matory cell recruitment. Through an interaction with PECAM-1 (cell adhesion molecule), it mediates transmigration of a subpopulation of neutrophils into tissue in response to infection. 23, 25, 27 The lower levels of this protein observed in our study may contribute to dysregulation of inflammatory pathways and an impaired inflammatory response in patients with the advanced form of AMD.
We found NRG4, a selective ligand for the ErbB4 receptor tyrosine kinase, to be higher in patients with GA compared with controls. NRG4 is a brown fatenriched protein 28 that has been shown to be downregulated in obese mice and humans. In the liver, NRG4 reduces hepatic lipogenic signaling by activating the ErbB3 and ErbB4 receptors. 28 The end result is a decrease in de novo lipogenesis and hepatic steatosis with an increase in insulin sensitivity. Impaired NRG4 signaling may contribute to the development of metabolic disorders, such as type 2 diabetes and nonalcoholic fatty liver disease. 28, 29 Investigators have also demonstrated that circulating NRG4 levels are inversely associated with subclinical atherosclerosis in obese adults. 30 The elevated levels of NRG4 found in this pilot study will need additional study in a larger cohort of patients with GA.
We found lower levels of sICAM-1 in patients with GA compared with controls. sICAM-1 is an intercellular adhesion molecule that facilitates adhesion and transmigration of leucocytes on the vascular endothelial wall to sites of inflammation, an integral part of the inflammatory response. 31, 32 As discussed by Rothlein and Wegner, 31 without these adhesion molecules the inflammatory response would be impaired. Anti-ICAM-1 in various animal models has been shown to attenuate the inflammatory response mediated by granulocytes and lymphocytes. 31 The altered levels of this protein found in our small pilot study suggest a compromised response to an inflammatory event in patients with GA.
The top-ranked pathway (the pathway analysis is outlined in detail in the statistics section) in neovascular AMD was cargo trafficking to the periciliary membrane. The primary cilium is a dynamic hair-like membrane projecting from almost every cell type. 33 Vesicle trafficking plays an important role in the cilia. This process is important in the retina where trafficking of rhodopsin occurs in the cilia of photoreceptors cells. 33, 34 Defects in the primary cilium function cause ciliopathies. These disorders are linked with retinal degeneration (reviewed in detail by May-Simera et al. 35 ). Although the pathology of AMD has been isolated to the RPE and choriocapillaris, the role of defective cilia cannot be ruled out as a contributory factor in the pathophysiology of AMD. 35 We suggest that this finding should be explored further in a larger AMD cohort. Another top-ranked pathway was FGFR3b ligand binding and activation. This pathway is involved in epithelial cell growth and differentiation. 36 Our study is also distinguished by the finding in our pathway analysis of enhanced VEGF signaling in the peripheral blood in patients with neovascular AMD. In the context of this information, it is important to note that all the neovascular AMD patients in this study had their research blood draw conducted before their anti-VEGF injection. To the best of our knowledge links between VEGF signaling pathways in blood and neovascular AMD have not been previously reported. In contrast, it is widely accepted that upregulation of VEGF leads to choroidal neovascularization in the retina in patients with neovascular AMD. Indeed, targeting VEGF signaling with intravitreal injections of anti-VEGF drugs is one of the most effective therapeutic strategies for treating neovascular AMD (reviewed in Refs. 37 and 38) .
The ErbB family of transmembrane receptor tyrosine kinases proteins were also important in the pathway analysis in GA. ErbB receptors are expressed in various tissues of epithelial, mesenchymal, and neuronal origin, in which they are involved in the control of diverse biological processes, such as proliferation, differentiation, migration, and apoptosis. 39 As discussed above, one of our top signal proteins, NRG4 has links with ErbB3 and ErbB4 receptors. 28 ErbB family members have a role in several solid tumors. 40 Indeed, targeting ErbB2 (HER2), which is amplified in 20% of breast cancers, results in improved survival for many patients. 40 It is also noteworthy that Romano et al. 41 recently described a link between select microRNAs with the ErbB signaling pathway in patients with AMD.
The small sample size was a limitation of our study. The SOMAscan we used measures 4001 proteins of the roughly 25,000 known human proteins. Because the focus was on the measured proteins in the pathway (see Supplementary File S1), rather than the pathways themselves containing an overrepresentation of significant proteins, the fact that we are not evaluating the entire proteome was lessened. A strength of the technology is the inclusion of low abundance proteins that are difficult to detect in other high-dimensional proteomic platforms. We feel we accomplished the objective of this small pilot study, which was to primarily determine the feasibility and potential usefulness of large-scale proteomics in AMD. Moreover, as a result of conducting this project we found some interesting associations of several proteins for neovascular AMD and GA. We chose to further illustrate the association with the top four proteins graphically but suggest that there may be other proteins worth pursuing in follow-up studies. Furthermore, establishing whether the observed changes are biologically relevant will require additional experiments. We feel the next step of our research is to conduct a larger proteomic study with validation of all high signal proteins using another method of measuring proteins, such as an enzymelinked immunosorbent assay (ELISA). It will also be important moving forward with this research to correlate findings of altered protein levels in the blood with evaluation of protein levels and profiles in the vitreous, aqueous, 42 and tears. 43 We found no overlap in the proteins described in a recent review describing AMD biomarkers 42 and the proteins described in our small pilot study. However, the study groups were different with regard to sample size, inclusion/exclusion criteria, proteins examined, and the technology used compared with our study group. Although AMD manifests as a local disease, useful biomarkers in the plasma may be found and reflect altered pathways based on the individual's genetics that predispose to the degenerative processes within the eye.
Pathway analysis suggests that the signaling pathways related to neovascular AMD and GA are different. The top-ranked proteins identified in this pilot study were informative and merit further research. It is of interest that we found one protein, vinculin, and several pathways that have previously been described by other investigators as having a role in AMD. Based on our pilot data, analysis of larger numbers of patients may provide further detail into the differences between patients who develop visionthreatening AMD and those who do not. When coupled with analysis of genetic polymorphisms, a more complete picture of the risks and pathogenesis of AMD may become clear.
